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Analysis of a limited number of laboratory strains of rabies virus had demonstrated the presence of a genome region 
bounded by two transcription termination and polyadenylation-like (TTP) signals (approximately 400 to 450 nucleotides 
apart) which was located between the end of the glycoprotein (G) coding sequence and the beginning of the L polymerase 
coding sequence. Although this region had been suggested to represent a remnant or pseudogene (~), no detailed analysis 
had been carried out to examine this possibility. Here we present the nucleotide sequence analysis of this genome region 
for several laboratory rabies virus strains and a large number of diverse rabies viruses detected directly in brain tissue of 
naturally infected animals, Only one distinct lineage of the laboratory strains and none of the wild-type rabies viruses 
contained the upstream -I-IP-like signal, indicating that only the downstream -I-IP motif is the authentic G mRNA transcription 
termination and polyadenylation and signal. Phylogenetic analysis of sequence differences provided no evidence of laboratory 
strains containing the two -I-IP-like signals being ancestral to any of the viruses possessing only the downstream -I-IP 
sequence motif. These data indicate that this region of the rabies virus genome encodes a G mRNA with a long 3 ' noncoding 
region with no evidence of a pseudogene. 
Rabies virus is a member of the Lyssavirus genus of 
the Rhabdoviridae family, a diverse group of animal, 
plant, and insect viruses, including vesicular stomatitis 
virus (VSV), rabies and related viruses, infectious hema- 
topoietic necrosis virus (IHNV), and bovine ephemeral 
fever virus (BEFV) (1, 2). These viruses all possess non- 
segmented, negative-sense, single-stranded RNA ge- 
nomes of approximately 10 to 15 kb in length. The virus 
genomes commonly encode at least five mRNAs, which 
are located and also sequentially transcribed in the gen- 
eral pattern 3'-nucleocapsid protein (N), polymerase-as- 
sociated phosphoprotein (P or M1), matrix protein (M or 
M2), glycoprotein(s) (G), and large polymerase protein 
(L)-5'. These genomes usually contain very little noncod- 
ing nucleotide sequence and gene junctions are small. 
The most common exception to this overall genetic struc- 
ture is the genome region located between the G mRNA 
termination codon and the L mRNA initiation signal. In 
IHNV, an additional gene encoding a nonstructural pro- 
tein (NV) is located in between the G and L genes (3). 
BEFV contains an additional nonstructural glycoprotein 
(GNs) in this genome area that has been proposed to 
have evolved by duplication of the original giycoprotein 
gene (4). Further, other small open reading frames 
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(ORFs), e and/~, are located between GNs and the begin- 
ning of the L gene. Similarly, rabies virus was found to 
possess a long (approximately 425 nucleotide) region of 
noncoding sequence between the G and L genes (5) 
that was suggested to represent a remnant or pseu- 
dogene (~) which was once functional, but had become 
vestigial. 
Two transcription termination and polyadenylation 
(-i-I-P) motifs were found in this region in the Pasteur 
strain (PAS PV) of rabies derived from an 1882 French 
rabies isolate (5). The first was 70 nucleotides down- 
stream from the translation stop codon of the G gene 
and the other was located at the end of the proposed 
region, 24 nucleotides upstream of the L gene start. This 
arrangement suggested that the upstream motif was the 
q-i-P signal for G mRNAtranscription and the downstream 
motif was presumably related to the previous function of 
the pseudogene. The presence of both upstream and 
downstream -i-i-P sites in a second rabies strain (SAD, 
derived from a 1935 U.S. rabies isolate) suggested that 
this may be a common gene arrangement in rabies vi- 
ruses (6). The complexity of this issue became apparent 
when it was shown that two species of G mRNA (1.9 and 
2.3 kb in length) were synthesized in cells infected with 
the ERA rabies strain (7). The shorter mRNA was gener- 
ated by use of the upstream -i-I-P, and the larger mRNA 
by the use of the downstream TTP. In addition, another 
rabies laboratory strain, HEP (derived from a 1939 U.S. 
rabies isolate), lacked the upstream TTP and synthesized 
0042-6822/95 $6.00 718 
SHORT COMMUNIOATIONS 719 
only the 2.3-kb mRNA by use of the downstream q-i-P. 
Later studies of two additional virus strains reportedly 
derived from the Pasteur virus (CVS and Nishigahara) 
also found only the downstream -Iq-P motif (8, 9) raising 
the question as to which of the TTP signals was ubiqui- 
tous in the synthesis of the G mRNA in wild-type rabies 
virus isolates. It also cast some doubt on considering 
the long noncoding region between G and L as a pseu- 
dogene. 
In order to gain a better understanding of the origin 
and potential function of this region of the rabies virus 
genome and to investigate apparent discrepancies be- 
tween actual and recorded passage histories of several 
common rabies virus laboratory strains, a genetic analy- 
sis of the region was initiated. The basic approach in- 
volved the PCR amplification and nucleotide sequence 
analysis of this genome region for a broad selection of 
street rabies infected material and comparison with nu- 
cleotide sequences of the equivalent genome region of 
numerous laboratory strains. 
Virus field samples to be analyzed were selected to 
represent a spectrum of the animal species which serve 
as reservoirs for rabies (10, 1 I). The geographic area and 
host species defining these reservoirs and the sample 
source and year of collection are as follows, UST- 
X0Y1386 coyote, 1991, central Texas [represents virus 
reservoir in the gray fox (Urocyon cinereoargenteus)] 
USTXDG1259 domestic dog (Canis familiar~s), 1991, 
border area of Texas-Mexico; USARSK963 striped 
skunk (Mephitis mephitis), 1984, northern Arkansas; 
USABSK964 striped skunk (M. mephitis), 1984, southern 
Arkansas; USFLRC623 raccoon (Procyon Iotor), 1987, 
Florida; USFLBT884 hoary bat (Lasiurius cinereus), 1984, 
Florida; USFLBT856 Brazilian freetail bat (Tadar/da bra- 
silienses), 1988, Florida; ARBADG116 domestic dog, 
1979, Buenos Aires, Argentina; CNONFX5 (type 5) red 
fox (Vulpes vulpes), 1990-1992, Ontario; and FRFXWR56 
red fox, 1990, France. All samples were brain material 
obtained directly from naturally infected animals, with 
the exception of sample ARBADG116, which had been 
serially passaged in mice and cell culture. Nucleotide 
sequence for sample CNONFX5 (12) was obtained from 
@enBank (Accession No. U03765). Nucleotide sequence 
for sample FRFXWR6 was published previously (8), 
Several vaccine and laboratory strains were also in- 
cluded in the analysis. The histories of these strains 
have been published previously (8, 9, 13, 14, and H. N. 
Johnson, Rabies Information Exchange No. 12, June 
1985). Briefly, these included= (1) the PAS Pasteur virus 
was or!ginally isolated from a cow infected by a dog in 
a Paris suburb in 1882 and serially passaged in rabbits 
and cell culture at Pasteur Institute, Paris; (2) PAS PV, a 
second stock of Pasteur virus, obtained in 1965 from the 
Pan-American Zoonoses Center (Buenos Aires, Argen- 
tina); (3) CVS (challenge virus standard), used for rabies 
vaccine potency tests, was selected in 1940 by the Na- 
tional Institutes of Health (U.S.A.) from greater than 30 
stocks of Pasteur virus in different laboratories in the 
United States and distributed worldwide (sample was 
virus stock at the Centers for Disease Control and Pre- 
vention); (4) NISHIGAHARA virus derived from stock of 
Pasteur virus received before 1915 at National Institutes 
of Health of Domestic Animals, Nishigahara, Tokyo, and 
serially passaged in rabbits, guinea pigs, embryonated 
eggs, and cell culture; (5-7) SAD/ERA, Street Alabama 
(SA) isolated in 1935 from a dog in Alabama (U.S.A.), the 
virus stock was serially passaged in mice and distributed 
in the 1940s by the National Institutes of Health (U.S.A.) 
as a vaccine challenge to represent a virus of North 
American origin compared with the European origin of 
the Pasteur virus. The virus stock held by the Dufferin 
Division of Connaught Laboratories Ltd. (SA-D) was at- 
tenuated by serial passage in cell culture and was the 
source of the SADB19 and ERA vaccine strains; (6) 
SAD1520 was a stock of SAD which is presently used 
as vaccine seed by a U.S. pharmaceutical company; (6) 
SAD B19 virus derived from SAD and attenuated by multi- 
ple passages in cell culture; (7) ERA virus derived from 
SAD and attenuated by multiple passages in em- 
bryonated eggs and cell culture (name derived from the 
investigators, Evelyn-Rokitnicki-Abelseth); (8) LEP (low 
egg passage) virus isolated in 1939 from a human in- 
fected by a dog in Georgia (U.S.A.) and attenuated by 
passage in embryonated eggs (LEP was the parent virus 
for high egg passage (HEP) virus). SAD1520, LEP, and 
CVS were sequenced in this study. Additional nucleotide 
sequences for vaccine and laboratory strains were ob- 
tained from GenBank (Accession Nos. M13215, M31046, 
and J02293) and from published data (8, 9). 
The nucleotide sequence of an approximately 440-nu- 
cleotide region of the genome of the viruses was deter- 
mined from around 40-50 nucleotides downstream of 
the translation stop codon of the G mRNA to 20-24 nu- 
cleotides upstream of the start codon of the L mRNA. 
The nucleotide sequence differences of these viruses 
relative to the PAS and PAS PV standard strains are 
shown in Fig. 1. The entire aligned sequences shown 
are 528 nucleotides in length. Most of the sequences 
derived in this study are shown from aligned position 
70-90 to 528. The sequence of the CVS strain reported 
here is virtually identical with that reported earlier for a 
different stock of the virus (8). A high degree variability 
was found, with up to 42.8% nucleotide sequence differ- 
ence observed (for bases 79 to 528) among the virus 
isolates. Several regions, particularly bases 75 to 125 
(which encompasses the upstream potential -I-i-P area) 
and 290 to 410, are highly diverse, although distinct re- 
gions of sequence conservation (e.g., nucleotide bases 
125 to 280 and 400 to 528) can also be seen (Fig. 1). 
In addition, several relative insertions or deletions are 
evident between the various virus sequences. Analysis of 
the entire sequence region (using FRAMES and MFOLD 
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A G T AG CG G GGC A A T G A TC C T G TG G A C C A AC A 
C T AG C GGC A G A T G A C C T CT G A T C AC C 
C TGT AG T GGG A A A T T A C C T G C G G A AC C C CG 
A GT AG G GGGC GA A A T A C C T TC TG GG A AA C T A C T 
C T G AGT GT G GC A CT G A T C T A G G A T CC T A T AC A C A 
T AG G GGC A ACT G A C T A G G A CC CC GAC A C C A 
G T AG G GGC A CT G A C T A G G A CC C T A GAC A G C A 
T AG G G GGC CA T GAA A C AT AGG G ACC C TAC • A T 
C G TC T AG G GG G T A C A C C TC T C G A A C C C TA AC T C C 
CCT T A G CA T A. G TGT GGC GG CAAATAGTA T AG CC C T T TTGAG G CT ACAA TTCT CCC AAA.A  GCAC G GACCCGA 
CC. T A G AGT A. G TGT GAc GG TGACA ACA ACA CC TTTCGTA TTG G G TG AGAA C CCT CCTTAAAC AA AC GTGA C GC 
C T A G T A. G CAT AC CAAATAGAAA A A C AT A TCTGTGT G T C T A CCC CCT C TTA AC AA T GG G G TTAGT~GA 
C A G TG T AG G GT GAC GAACAACT CTA AACA C AT ACC A C AG G CT TA A TCTGC TT AC AA.. ~GGAGAGATTAGTTGAA 
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AGAGAGGCAATC~CCTCCCGTG~?~GACACAAGCAGTAGCTCACAATCATCT6GTGTTTCAGCAAAGTGTG~T~AT~. .  GTGCTC~TCATCTAAGCT ........ ~FrCAGTCGA~%AAAAAAC 
G T C C 
G T C C 
G CC T C C CT 
A G A TG A T TACA C G C G C C 
AG G TA T A G TACA C G G C C 
A A T G A CG A A T CA C G G G A A TGCATC-CC GCAG CC A 
A G A T A G T CAC C G 
G G A T A T TCAC TG A C G A 
A G A T T GA T C TCAC TG A C TG G A 
AG G G AA T A T TTCAC TG A C A G A A 
A G ATAA T A T TCAC TG A G A 
CAG G G T C T A TACA C T T G C 
GA AT~G AT G "ira G A A A G TACA GA GACT C AAGC G T AG 
A ACTG T G TA A A ACA CC AT GT C CC G C T CC A A 
AA G T G TA A A TACA CC GATG GA A C C G C C C A 
A . .A G T G TA T A G CTACA CC AT G C AT C C G A TAC C C T A 
FIG. 1. Genetic variability of the G-L noncoding region of rabies virus laboratory and wild-type strains. Extraction of total RNA from brain material 
and infected cells and polymerase chain reaction (PCR) amplification of the virus G-L RNA region were carried out as described previously (15- 
17). Primers G(+) (position 4665 to 4687) and L(-) (position 5543 to 6520) were utilized as reported earlier (8). All primers are numbered relative 
to the PV strain genome sequence (5; GenBank Accession No. M132115). Purified product DNA (approximately 850 bp in size) was sequenced 
either directly by the dideoxy-nucleotide method or following cloning into pORII vector using the TA cloning kit (InVitrogen, La Jolla, CA) depending 
on the intensity of the PCR product band. Primers Gnc2(-) (6129 to 5149), Gncl(-) (5096 to 5119), and Gnc(+) (5085 to 5106) were utilized in 
sequence analysis. When nucleotide sequences were obtained from DNA clones, multiple clones were analyzed to verify the correct consensus 
sequence with the exception of samples USFLBT856 and USFLBT884, for which only one clone was obtained. Nucleotide sequence analysis and 
alignment used the PILEUP and LINEUP programs of the GCG Sequence Analysis Software Package, Version 7 (GCG, Madison, WI). Sequences 
are shown in the cDNA (i.e., positive) sense and differences relative to the PAS strain are indicated. Dashes indicate undetermined sequence 
regions. Dots indicate gaps inserted to optimize sequence alignments. 
programs of the GCG software package) failed to reveal 
ev idence.of  conservation of any ORFs of significant 
length or RNA secondary structural features within this 
region (data not shown)• 
Both upstream and downstream potential q-lP signals 
can be seen in the five samples of PAS- and SAD-derived 
viruses which are very closely related, displaying less 
than 3.3% nucleotide sequence divergence (Fig. 2). None 
of the other laboratory strains (including two strains re- 
portedly derived from PAS) and none of the diverse wild- 
type strains (displaying between 14.2 to 42.8% diver- 
gence) were found to contain the potential upstream TTP 
signal at the expected position. Only the downstream 
-FI-P signal, the function of which has been suggested to 
be associated with the remnant pseudogene, was con- 
served in all the viruses analyzed. Comparison of the 
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79 127 
UGGAGGGGAACCCCCCAAGAAAAACC~GGACCCAAGUUAUCAG 
UGGAG~_4~AACCCCCCAAGAAAAACUI / I I I I IK JUUGGACCCAAGUUAUCAG 
UGGAGGGGAACCCCCCAAGAAAAAC.U IZ31ZJUUGGACCCAAGUUAUCAG 
UGGAGGGGAACCCCCCAAGAAAC. . .UUUUUGGACCCAAGUUAUCAG 
. . . . . . . . . .  CCCCCCAAGAAAAAC~GGACCCAAGUUAUCAG 
UGGAGG.GAACCCC . . . . . . .  AACCCCCCUUAGAGACCCAGGUUGUCAG 
UGGAGG.GAACCCC . . . . . . .  AACCCCCCUAAGAGACCCAAGUUAUCAG 
UGGAAGGGAGAUUC . . . . .  ; .GACCCCCCUUAGAGACUCAAGUUAUCAG 
UGGAGGGGAACCCC . . . . . . .  AACCCCCCUUAGAGACCCAAGUUAUCAG 
UGGAGGAGAGCCCC . . . . . . .  AACCCCCCUUAGAACCCUAGGUCAUCAG 
UGGAGGAGAGCCCU . . . . . . .  AACCCCCCUUAGAAACCUAGGUCAUCAG 
UGGAGGAGAGCCCC . . . . . . .  AACCCCCCUUAGAAACCUAGGUUAUCAG 
GAGGAGAGCCCCCC . . . . . . .  AACCCUCCUCAGAGACCUAAGUUAUCAG 
CGGAGGGGAGCCCC . . . . . . .  GAUCCCCCUUAGAGACCCAAGUUGUCAG 
ACGAGGGGAGACUC . . . . . .  UGUAACCCCAUAGAGAACGGAACUGUUAG 
ACGAGGGGAGGCUA ... . . .  UGUACCUUCUUGUAGGACGGAACUGUUAG 
ACGUAGAGAAACUC . . . . . .  UAGACUCCCUAGGAUAGAAGAACUGUCAA 
ACGGGUAGAAACUC . . . . . .  UAGGCUCUCUGAGAGGGUAAAACUUUCAG 
510 528  
AAAGUCAGCUCIZ JUUUUUG 
AAAGUCAGCUCUUIK /LK /UG 
AAAGUCAGCUCUU[K/UUUG 
AAAGUCAGCUC~G 
AAAGUCAGCUCU[YGIZJ [K ;G 
AGAGUCAGCUCDT/UU[K /UG 
AGAGUCAGCUCUUULKJUUG 
ACGUCCAGCUGGUUUUUUU 
AAAGUCAGCUCLK/UUUUUG 
AAAGUCAGCUCUUUUtn JUG 
AAAGUCAGCUCUUUIK JUUG 
AAAGUUAGCUCUUUUDI JU -  
AAAGUCAGCUCUIK JUUUU-  
A A A G G C A G C U ~ G  
AAAGUCAGUCC~G 
GGAGUUAGUUCUULK]UUUG 
AAAGUCAGUUCUtn JLK /UUG 
AAAAUCAGUUCU[KK]UUUG 
Fie. 2. Conservation and variation of 7r-P-like motifs located between G and L gene coding sequences. Sequences are shown in the RNA genome 
(i.e., negative sense). Both upstream and downstream U-rich regions are underlined. Dashes indicate undetermined sequence regions. Dots indicate 
gaps inserted to optimize sequence alignments. 
conservation of the upstream and downstream TTP sig- 
nals shows that even among the five laboratory strains 
which do possess the upstream TTP signal, this signal 
is not as highly conserved as the downstream qq-P. The 
number of uridine residues in the upstream -I-I-P site 
ranges from 5 to 8 nucleotides, in contrast to the down- 
stream G mRNA TTP site, where the seven uridine resi- 
dues of this signal motif are highly conserved in all the 
sequences analyzed. 
A p hylogenetic analysis of nucleotide sequence differ- 
ences (bases 79 to 528) was carried out to determine if 
the five.viruses possessing both lq-P signals were esti- 
mated to be ancestral to those that contained only the 
downstream q-I-P signal. Two equally parsimonious trees 
were obtained. One is shown in Fig. 3, the other had 
the minor variation of the Nishigahara and FRFXWR56 
samples not being in the same clade as USARSK963 and 
ARBADG116 but representing a separate closely related 
clade. The five samples of PAS- and SAD-derived viruses 
containing both -i-FP signals were found to share a high 
degree of sequence identity and form a genetic lineage 
distant from the predicted ancestral node of the tree. This 
is inconsistent with these viruses having an ancestral 
relationship to the other diverse virus lineages which 
possess only the downstream qq-P signal. As expected 
the wild-type viruses which had been chosen as repre- 
sentatives of various virus types were distributed 
throughout he tree in the form of multiple distinct lin- 
eages. A similar phylogeny is also obtained on analysis 
of N gene nucleotide sequences (11, 16, 25 and J. S. 
Smith, unpublished). 
Since the original suggestion of a pseudogene by 
Tordo and colleagues (5), several subsequent rabies arti- 
cles have labeled the long noncoding sequence region 
located between the rabies G gene stop codon and the 
L gene initiation codonas  the remnant or pseudogene 
(~) region (6, 8, 20-23).  The primary supporting evidence 
for a pseudogene is the presence of 5 to 8 U residues 
representing a potential qq-P site, located approximately 
50 nuoleotides downstream of the translation termination 
codon of the G mRNA in the closely related PAS and 
(76) 
(100) 
(99)~ PAS 
34 ] ~PAS PV 
0°°)11 ERA 
F4)7 SAD B19 
51~-SAD 1520 
19 USARSK963 
s i;, ARBADG116 
as ...... NISHIGAHARA 
9 
16 FRFXWR56 
1 13 LEP 
~ (97)]~ ~ CVS 
28 CNONFX5 
5~ USARSK964 
2 ~  49 USFLRC623 
(~1 ~ USFLBT884 
I 61 'USFLBT856 
FIG. 3. Phytogenetic relationship between rabies viruses based on 
nucleotide sequence differences of noncoding region between G and 
L genes. Phylogenetic analysis of nucleotide sequence differences was 
done by the maximum parsimony method using the PAUP software 
program (18) run on a Macintosh Quadra 800 (Apple). Analysis used 
the MULPARS and branch and bound options. The equivalent genome 
region of Mokola virus (19) was included to outgroup root the analysis. 
Bootstrap confidence limits were calculated by 1000 repetitions of the 
analysis and limits in excess of 50% are indicated in parentheses at 
branch points. Horizontal lengths are proportional to nucleotide step 
differences (indicated adjacent o line) and vertical distances are for 
graphic presentation only. 
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ERA strains. Also, a very high level of genetic stability 
was anticipated for all rabies isolates based on the close 
genetic relatedness of these two viruses having recorded 
histories of isolation more than 50 years apart and on 
different continents. However, it now appears that the 
recorded histories of the first two virus strains to be 
sequenced are incorrect. The molecular phylogenies of 
these and other laboratory strains of rabies suggest that 
several strains were misidentified, most likely in the 
United States prior to 1940, and that some conclusions 
drawn from the early studies are incorrect. 
During the early part of this century, aliquots of the 
Pasteur vaccine virus were distributed to vaccine produc- 
tion facilities and public health laboratories worldwide. 
Low-temperature storage was not widely available, and 
frequent serial passage of the virus stocks was neces- 
sary to maintain viability. By 1940, marked differences in 
the antigenicity and virulence of stocks of Pasteur virus 
held in different laboratories in the United States were 
noted (24). The National Institutes of Health, in collabora- 
tion with the Rockefeller Foundation and public health 
laboratories in Alabama, Georgia, and New York orga- 
nized comparative potency tests of selected reference 
stocks of vaccine seed and challenge virus standard 
viruses. With the exception of the LEP/HEP virus, all the 
laboratory and vaccine strains presently in use in the 
United States are derived from stocks of virus distributed 
in these studies (H. N. Johnson, Rabies Information Ex- 
change No. 12, June 1985). Given the incomplete and 
often inconsiste.nt histories for many of the laboratory 
viruses, it may not be possible to identify precisely the 
true origin of any of these viruses. The history of the 
Nishigahara virus strain is well documented as derived 
from a Pasteur virus stock sent to Japan prior to 1915. 
Although this virus is found in a different area of the 
phylogenetic tree from the PAS- and SAD-related viruses, 
only Nishigahara virus, of all the laboratory strains re- 
corded to have been derived from the Pasteur virus, is 
found to be genetically closely related and monophyletic 
with contemporary rabies viruses found in France. The 
simplest interpretation is that Nishigahara may best rep- 
resent virus strains of the original Pasteur type. However, 
these results should be interpreted with care, as the 
introduction of rabid dogs from Europe to Asia, Africa, 
and North and South America during 18th and 19th cen- 
tury colonization efforts is well documented and evidence 
is accumulating for the worldwide occurrence of rabies 
virus strains originally of European lineage (16, 25). 
Irrespective of their recorded histories, it is becoming 
clear that the viruses currently identified as PAS, PAS- 
PV, SAD, and ERA are multiple samples of essentially 
the same virus and that the first TTP region is present 
only in this virus stock. In sharp contrast, the downstream 
TTP site (450 nucleotides further downstream, and only 
25 nucleotides upstream of the L gene initiation site) is 
extremely conserved in all viruses analyzed. With the 
exception of one laboratory strain, Nishigahara, the motif 
CUUUUUUUG is found in all viruses for which the com- 
plete sequence of this area is available. Even in Nishiga- 
hara, the central seven U residue motif is conserved. 
It appears counterintuitive that the signal suggested 
to be associated with the functional G mRNA is poorly 
conserved, but the signal suggested to be associated 
with a remnant pseudogene is highly conserved. In spite 
of this, one could speculate that the viruses containing 
both TTP sites are representatives of the ancestral form 
of rabies viruses and that the other strains have lost this 
signal. However, the phylogenetic analysis shows that 
this is not the case; the strains containing both potential 
-Iq-P sites are all closely related and form one distinct 
lineage which does not appear ancestral to the other 
multiple rabies lineages. In addition, careful analysis of 
the coding potential of this genome region failed to reveal 
any hint of an underlying remnant coding frame. Taken 
together, these data provide no support for this long non- 
coding region representing a pseudogene. The accumu- 
lated evidence indicates that this region is the G mRNA 
3' noncoding region. Long 3' noncoding regions have 
been found in other negative strand RNA viruses (e.g., 
morbilliviruses, 26; filoviruses, 27; sonchus yellow net 
virus, 28), including the G mRNA of another rhabdovirus, 
VSV (Indiana serotype) from Central America (29). The 
exact function of these noncoding sequences is still un- 
known, but they may influence mRNA interaction with 
host proteins and RNA stability. In several other negative - 
strand RNA viruses, replication errors such as polymer- 
ase skipping or slippage events generating repeated se- 
quences are thought o have been involved in the genera- 
tion of long RNA3' noncoding sequences (29-31). Some 
evidence of imprecise repeats can be seen throughout 
the rabies G mRNA 3' noncoding sequence (data not 
shown). Similarly, the upstream U-rich motif which ap- 
pears to have been gained by the PAS- and SAD-related 
strains may well have been acquired by polymerase stut- 
tering, thus generating untemplated U residues at this 
position. The incorporation of U-rich sequences by poly- 
merase stuttering is thought to have been involved in the 
generation of long G mRNA 3' noncoding sequences in 
some VSV Indiana serotype viruses (29). It is interesting 
that runs of single nucleotides appear around this rabies 
genome area, including stretches of C and G residues 
(Fig. 2). The G + C-rich nature may increase local sec- 
ondary structure and make transit by the virus polymer- 
ase more difficult, possibly promoting potential slippage 
events in this vicinity. 
The possible role of an additional TTP site in the G 
gene in the alteration of virulence of the PAS and SAD 
type virus strains is difficult to evaluate. It can be specu- 
lated that as a proportion of active polymerase molecules 
detach from the virus transcribing ribonucleoprotein 
complex at each qq-P site (32), an additional -FTP near 
the end of the G gene could cause a down regulation of 
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the amount of the downstream L mRNA synthesized. In 
addition, polymerase molecules terminating G mRNA 
synthesis at the upstream TTP would have to transit an 
extra approximately 400 nucleotide long intragenic re- 
gion before initiating L mRNA synthesis. This may in- 
crease the likelihood of polymerase detachment be- 
tween termination of G and initiation of L mRNA synthe- 
sis. Finally, shortening of G mRNA 3' noncoding 
sequences by over 400 nucleotides may alter mRNA sta- 
bility and down regulate G protein synthesis. However, 
such events are clearly not involved in the attenuation 
of the HEP/LEP strain, which lacks the additional TTP 
site. 
Prior to the development of PCR, the large amounts of 
RNA required for nucleotide sequencing limited genetic 
studies to analysis of laboratory-adapted strains of ra- 
bies. The data presented here and by others (7-9) reveal 
more genetic variation among the rabies virus isolates 
from different reservoirs and suggest that the phylogeny 
of rabies virus is dominated more by geographic and host 
origin factors than by temporal factors, which probably 
reflects the strong host selective pressures acting during 
the maintenance and transmission of the virus in nature. 
Genetic analysis of a larger number of rabies viruses 
and samples from diverse geographic regions and host 
species will shed further light on the exact origins of 
some of the classic laboratory strains and provide im- 
portant information on the natural history and epidemioF 
ogy of this ancient disease. 
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